Discrimination performance is better for cardinal motion directions than for oblique ones, a 36 phenomenon known as the oblique effect. In a first experiment of this paper, we tested the 37 oblique effect for coarse motion direction discrimination and compared performance for the 38 two cardinal and two diagonal motion directions. 39
Introduction 56
Motion perception is an important visual ability that helps us to navigate through the 57 environment, to recognise self and object motion, and that aids social interactions. Previous 58 studies suggest that our visual system has adapted to the visual environment such that it 59 shows a preference for stimuli that are more common or more relevant. For example, it has 60 been shown that we are better at processing upright compared to inverted faces (Sekuler, 61 Gaspar, Gold, & Bennett, 2004; Tanaka & Farah, 1993 ) and point-light walkers (Blake & 62 Shiffrar, 2007; Pavlova, 2012; Pilz, Bennett, & Sekuler, 2010) . In addition, different species, 63 including monkeys and humans show a preference for looming compared to receding stimuli, 64 which is thought to reflect their relevance to survival (Edwards & Badcock, 1993 Galdi, 1986) . 67
A preference for relevant and common visual stimuli seems to extend to the most 68 fundamental mechanisms of visual perception. For example, the perception of orientation in 69 a variety of perceptual tasks is better for cardinal than for diagonal orientations (Appelle, 70 1972; Essock, 1980 ; Heeley, Buchanan-Smith, Cromwell, & Wright, 1997; Orban, 71 Vandenbussche, & Vogels, 1984). This so-called oblique effect is thought to originate from 72 a prevalence of cardinal contours in our visual environment (Coppola, Purves, McCoy, & 73 Purves, 1998; Girshick, Landy, & Simoncelli, 2011) . Previous studies support the hypothesis 74 that orientation perception is based on visual experience (Annis & Frost, 1973; Gwiazda, 75 Brill, Mohindra, & Held, 1978) . Annis and Frost (1973) , for example, investigated the 76 oblique effect in two populations that grew up in different visual environments -the Cree, a 77 group of First Nations from James Bay, Quebec, and city-raised Canadians. The authors 78 measured visual acuity for discriminating horizontal, vertical, left oblique and right oblique 79 gratings and found an oblique effect for city-raised Canadians but not the Cree. Annis and 80 Frost (1973) explain their results by the differences in occurrence of orientations in the 81 groups' visual environment. Whereas the Cree live in an environment without prominent 82 visual contours, city-raised Canadians are predominantly exposed to cardinal orientations as 83 found in carpentered environments (also see Fang, Bauer, Held, & Gwiazda, 1997; Timney 84 & Muir, 1976) . Gwiazda et al., (1978) used a preferential looking paradigm to measure spatial 85 frequency thresholds for vertical and oblique gratings in infants ranging from 7-50 weeks of 86 age. They found that preference thresholds were very similar for vertical and oblique gratings 87 but increased more rapidly with age for vertical gratings. The above-mentioned studies 88 strongly support the hypothesis that the prevalence of certain orientations in our visual 89 4 environment has an influence on orientation perception. It is also reasonable to assume that 90 neuronal mechanisms are influenced by the incoming visual information. Many previous 91 neurophysiological studies in cats, for example, have found that the orientations within the 92 visual environment affect the orientation of receptive fields of neurons in early visual areas 93 (Barlow, 1975; Blakemore & Cooper, 1970; Hirsch & Spinelli, 1970) , and it is assumed that 94 even though some orientation-specific characteristics are present at birth (Hubel & Wiesel, 95 1963) , they can be influenced by visual experience (Mitchell, 1978) . 96
Neuronal preferences based on visual experience have also been observed for motion 97 directions (Cynader, Berman, & Hein, 1975; Daw & Wyatt, 1976) , and the oblique effect for 98 motion directions (Dakin, Mareschal, & Bex, 2005 ; Gros, Blake, & Hiris, 1998) seems to 99 follow similar reasoning as for orientations: the more common a motion direction is in the 100 visual environment the better its discrimination (Dakin et al., 2005) . Dakin et al., (2005) 101 analysed the local statistics of natural movies for translational motion. Their finding that raw 102 energy is more broadly distributed around oblique compared to cardinal motion directions 103 supports the hypothesis that the oblique effect in motion direction discrimination is based on 104 occurrences in the visual environment (note that effects for translational motion do not 105 necessarily generalize to other motion types Edwards & Badcock, 1993) . 106
In a recent paper, we extended the results on the oblique effect in motion direction 107 discrimination to differences between the two cardinal motion directions. We assessed 108 motion coherence thresholds for coarse motion direction discrimination in a comparatively 109 large sample of older and younger adults (Pilz, Miller, & Agnew, 2017) , and found higher 110 motion coherence thresholds for vertical compared to horizontal motion. These results were 111 unexpected and seemed surprising at first given that they had not been described before. 112
However, previous studies assessing motion direction discrimination primarily tested 113 common mechanisms that are potentially related to its relevance in our visual environment. 126
In this paper, we investigated differences in coarse and fine motion direction discrimination 127 in large samples of naïve younger participants. In a first experiment, participants were asked 128 to discriminate four coarse motion directions. Vertical (up/down), horizontal (left/right), and 129 two diagonal motion directions (lower right/upper left) and (upper right/lower left). Our 130 results provided evidence for the oblique effect: participants had lower motion coherence 131 thresholds for cardinal compared to diagonal motion directions. The oblique effect was more 132 pronounced between horizontal and diagonal motion directions than between vertical and 133 diagonal. Importantly, we found large individual differences in performance. Motion 134 direction discrimination performance has been shown to improve with increasing motion 135 coherence (Gros et al., 1998) , and directional differences strongly depend on individual 136 differences in motion coherence (Pilz et al., 2017) . Therefore, in a second experiment, we 137 systematically investigated the effect of coherence on performance for fine motion direction 138 discrimination. Performance for horizontal and vertical fine motion direction discrimination 139 were assessed at predefined levels of motion coherence in a between-subject design. In 140 addition to improved performance with increasing coherence and angular deviation between 141 control and test stimulus, our results showed a significant advantage for horizontal over 142 vertical fine motion direction discrimination. it was placed at a random position within the aperture, and set to move in the same direction 175 as before. Stimulus duration was set to 400ms while motion coherence thresholds were 176 individually determined for each participant as described below. Participants were instructed 177 to look at a fixation cross which was presented at the centre of the screen at the beginning of 178 each trial. 179 In the first step, we assessed whether participants were able to perform the task at a stimulus 187 duration of 400ms and 100% motion coherence. Participants were asked to discriminate 188 7 coarse motion direction on a standard QWERTY keyboard. For horizontal (left/right), upper 189 right (upper right/lower left) and lower right motion (upper left/lower right), participants 190 were asked to press ''X'' for left and ''M'' for right. For vertical (up/down) motion, 191 participants were asked to press ''*'' for up and ''+'' for down. Participants performed one 192 block of 20 trials. If accuracy was below 75% in the first block of trials, participants were 193 asked to perform another block of 20 trials. All participants were able to perform above 75% 194 correct within a maximum of two blocks of trials. 195
In the second step, we assessed the coherence level of each participant for horizontal, upper 196 right, lower right and vertical coarse motion direction discrimination using the method of 197 constant stimuli with 7 levels of motion coherence (5%, 10%, 25%, 40%, 55%, 70%, and 198 85%). The same task was used as described above. Participants completed 15 trials per 199 coherence for each motion direction, and we fit a psychometric function to assess the 82.5% Individual motion coherence was assessed by the method of constant stimuli. A within-216 subject design was adopted to assess thresholds for the two cardinal and the two oblique 217 motion directions (Table 1) Post-hoc tests confirmed the oblique effect in that motion coherence was lower for cardinal 232 compared to oblique motion directions (Table 2) . There was no significant difference 233 between the two oblique motion directions and between the two cardinal motion directions. 234
Post-hoc tests were not controlled for multiple comparisons. Bayesian statistics indicate that 235 evidence is strongest for the oblique effect being driven by horizontal thresholds, i.e., it is 236 14.23/47.21 times more likely that there is a difference between horizontal and lower-237 right/upper right than that there is none whereas it is only 2.72/2.58 times more likely that 238 there is a difference between vertical and lower-right/upper right than that there is none. Only The same apparatus was used as described in Experiment 1. 294 295
Stimuli 296
Stimuli were similar to the ones used in the previous experiment with the following 297 differences: the random-dot kinematograms (RDKs) contained 150 dots with a size of 2 298 pixels, moving at a speed of 6.4/s, and motion coherence was predetermined for all 299 participants at 30%, 40%, 50%, 60% or 70%. 300 301 3.1.4 Procedure 302
In this experiment, we investigated the effect of coherence on fine motion direction 303 discrimination for horizontal and vertical motion. Two RDKs were presented successively, 304 and participants were asked to indicate in which of the two RDKs the dots moved clockwise 305 away from the control direction by pressing 1 if the first interval contained the target motion 306 12 and 2 if the second interval contained the target motion. In one of the two RDKs, dots moved 307 either horizontally (right, 0°) or vertically (up, 90°). In the other RDK, dots moved diagonally 308 clockwise away from the control direction. The interstimulus-interval was set to 300ms. 309 There were forty trials each for six angular deviations (3°, 6°, 9°, 12°, 24°, and 44°) that were 310 randomly intermixed. Participants were seated 52 cm away from the screen and their head 311 position was stabilized using a chin rest. Each participant performed two experimental blocks 312 of trials, one block for horizontal and one for vertical motion (Figure 4) . The order of blocks 313 was counterbalanced across participants. Each block was preceded by a practice. In contrast 314
to Experiment 1, coherence was fixed for all participants. Twelve participants performed the 315 task at 70% coherence, thirteen participants at 60% coherence, eighteen participants each 316 performed the task at 30% and 50% coherence, and sixteen participants performed the task 317 at 40% coherence. 318 The first step was a motion duration task identical to Experiment 1. This step ensured that 327 participants were able to discriminate motion at the given stimulus duration and provided 328 them with some training with regards to the stimulus. The second step was a motion direction 329 discrimination task using a two-alternative forced-choice paradigm. Before each block, 330 participants performed 20 practice trials for the given motion direction with 70% motion 331 coherence and an angular difference of 45° between control and test stimulus. Trial-based 332 feedback was provided only in the first step and the practice of step 2. Participants who 333 performed below 60% accuracy in both conditions across all angular deviations during the 334 13 main experiment were excluded from the analysis. Overall, seventeen out of seventy-seven 335 participants were excluded from the analysis, resulting in a total sample of 60 participants. 336
More specifically, seven participants were unable to perform the task at 30% coherence, two 337 at 40%, five at 50%, two at 60% and one at 70%, which resulted in samples of eleven 338 participants at 30%, fourteen at 40%, thirteen at 50%, eleven at 60% and eleven at 70% 339 motion coherence. 340 (Table 3) . 346
Interactions were found between motion direction and angle ( Figure 6 ) and angle and 347 coherence. The interaction between direction and coherence ( Figure 6) , and the three-way 348 interaction between direction, coherence and angle were not significant. In addition to 349 common statistical methods, we also conducted a Bayesian mixed-design ANOVA. 350
Comparing models containing the effect to equivalent models stripped of the effect, we found 351 decisive evidence in favour of the models including the main effect of angle (BF10>100, 352 Table 3) In Experiment 2, we tested participants on horizontal and vertical fine motion direction 385 discrimination using predefined motion coherence of 30%, 40%, 50%, 60% and 70%. 386
Participants were better at discriminating motion away from horizontal than away from 387 vertical, an advantage that was most pronounced at small angular deviations between target 388 and test stimulus. These effects are supported by common and Bayesian analyses. 389
Interestingly, Figures 5 and 6 indicate that a horizontal advantage is strongest at 30% and 390 70% motion coherence whereas there is a large variability in performance at 50%. The 391 interaction between coherence and motion direction was not significant using standard 392 statistical methods. However, using Bayesian statistics, evidence for a model containing the 393 interaction compared to equivalent models stripped of the effect was strong. Individual data 394 plotted in Figure 7 also highlights that most participants show an advantage in performance 395 for horizontal motion for 30% and 70% coherence, whereas there is a large variability in 396 performance for 50%. It is possible that participants have difficulties discriminating target 397 from background motion at 50% coherence, an effect that has been observed in previous 398 studies for contrast (Andersen, Müller, & Martinovic, 2012) . However, given the between-399 17 subject design, it is also possible that effects are related to between-group differences 400 unrelated to coherence, which needs to be addressed in future studies. To our knowledge, no 401 other study has so far examined the differences in performance between horizontal and 402 vertical motion direction discrimination across coherence levels with a large sample of 403 participants. Gros et al., (1998) assessed performance across different coherence levels and 404 found an increase in performance with an increase in coherence thresholds. However, they 405 did not assess a potential interaction between motion direction and motion coherence. 406
Overall, the results show an increased performance for horizontal fine motion direction 407 discrimination compared to vertical fine motion direction discrimination, an advantage that 408 seems to depend on motion coherence. We will further discuss this phenomenon in the 409 following section. 410 411
General Discussion 412
In two experiments, we investigated performance for coarse and fine motion direction 413 discrimination. In Experiment 1, we assessed individual motion coherence thresholds for 414 horizontal, vertical, upper right and lower right coarse motion direction discrimination. 415
Overall, an oblique effect was found for motion coherence thresholds for coarse motion 416 direction discrimination: performance was better for cardinal motion directions compared to 417 oblique ones. Even though, the oblique effect was more pronounced between horizontal and 418 diagonal motion directions than vertical and diagonal ones, a difference between horizontal 419 and vertical motion direction discrimination, as described in a previous paper (Pilz et al., 420 2017), was not significant. It is possible that the group of older adults included in the previous 421 paper drove the effect. Experiment 2 investigated possible differences between horizontal 422 and vertical fine motion direction discrimination with predefined motion coherences. Results 423 support a horizontal advantage, which is particularly pronounced at small angular deviations 424 between control and test stimulus and seems to depend on motion coherence. It is possible 425 that previous studies did not report differences between horizontal and vertical motion 426 direction discrimination, because those are generally smaller and more difficult to assess in 427 small high-performing groups of young participants than differences between cardinal and 428 The oblique effect in orientation discrimination has been well-studied (Appelle, 1972;  and it is thought that is based on a prevalence of cardinal contours in our visual environment 432 (Annis & Frost, 1973; Coppola et al., 1998; Girshick et al., 2011) . It has also been found that 433 18 more neurons are tuned to cardinal compared to oblique orientations (Li, Peterson, & 434 Freeman, 2003) , and early visual areas show increased responses to cardinal orientations 435 (Furmanski & Engel, 2000) . Those studies provide a reasonable approach to understanding 436 the neural mechanisms underlying the oblique effect. It is thought that similar mechanisms 437 provide the basis for the oblique effect in both orientation and motion direction 438 discrimination (Dakin et al., 2005) . However, as already mentioned above, studies assessing 439 the neural mechanisms related to the oblique effect in motion perception are relatively sparse. 440
In addition to differences between cardinal and oblique orientations, also a performance 441 difference between the two cardinal orientations has been described. Interestingly, however, 442 the so called 'horizontal effect' shows the opposite from the results described in this paper -443 better performance for oblique and vertical compared to horizontal orientations for high-444
contrast stimuli presented in noise ( particular, an evolutionary explanation of the horizontal effect supports that the visual system 448 suppresses the stimuli that are oriented in the most common meridians in the environment, 449
i.e. horizontal, in order for new and information to become more salient. However, it is 450 argued that both effects are based on similar mechanisms -an overrepresentation of 451 horizontal contours in the visual environment. But whereas performance increases for simple 452 horizontal line or grating stimuli, a mechanism that compensates for the overrepresentation 453 of horizontal contours in our visual environment takes effect when such stimuli are presented 454 in noise (Essock et al., 2003; Hansen & Essock, 2004) . The horizontal effect, to our 455 knowledge, has not been described for motion stimuli. Therefore, it is difficult to directly 456 relate our results to this effect. Interestingly, however, most behavioural studies on the 457 horizontal effect use detection rather than discrimination tasks, whereas our results and many 458 other prominent studies on the oblique effect for motion or orientation are based on stimulus 459 discrimination. Therefore, it is also possible that the difference between an impairment or 460 enhancement of horizontal orientations and motion directions is based on the differences 461 between the tasks per se: performance in simple detection tasks are often faster and more 462 accurate than discrimination, for which participants have to compare the stimulus properties 463 to those of an internal representation or another simultaneously presented stimulus (Klein, 464 2000; Pilz et al., 2012) . It is, for example, possible that at early stages of orientation 465 processing, the visual system compensates for the occurrence of more common visual 466 orientations, whereas at later stages, the processing of common orientations is enhanced. 467 19 It is difficult to draw more direct conclusions between the horizontal effect in orientation 468 discrimination and our results, and in order to understand whether an enhancement or 469 impairment in processing certain orientations or motion directions reflects specific properties 470 of different stages of processing, future studies are needed. suggests that visual perception is highly specific and highlights the importance of considering 478 data from individual participants in addition to commonly used statistical methods. 479
To conclude, our results replicate the oblique effect in coarse motion direction discrimination. 480
More importantly, we find advantages for processing horizontal over vertical motion. Similar 481 to the oblique effect, these results are likely due to a processing hierarchy that is related to 482 the relevance and predominance of certain stimuli in our visual environment. However, future 483 studies are necessary to fully understand the mechanisms underlying the horizontal advantage 484 as described in this study and the large individual differences in performance. 485 486
